Physical, structural, and electromagnetic properties and interrelating processes in sea ice are used to develop a composite model for polarimetric backscattering signatures of sea ice. Physical properties of sea ice constituents such as ice, brine, air, and salt are presented in terms of their effects on electromagnetic wave interactions.
Introduction
Sea ice is important to global climate because of its role in the mass balance and heat transfer processes between the ocean and the atmosphere [Maykut, 1978 [Maykut, , 1982 Wettlaufer, 1991] . Global monitoring of sea ice with polarimetric remote sensing has drawn considerable interests [Rignot and Drinkwater, 1994; Cavalieri et al., 1991] . To interpret sea ice signatures in polarimetric remote sensing data, it is necessary to relate electromagnetic scattering effects of sea ice to its physical and structural properties.
This relationship provides insights into sea ice properties that influence electromagnetic scattering mechanisms and determine polarimetric signatures of sea ice.
Here, the purpose is to relate sea ice characteristics and processes to active polarimetric signatures of sea ice through the development of a model based on sea ice properties. This is presented in a series of two papers: part 1 discusses the theoretical model, and part 2 the experimental observations [Nghiem et al., this issue] . In this first paper, sea ice properties are discussed and then used to develop a composite model for understanding polarimetric signatures of sea ice including volume and surface scattering mechanisms at microwave frequencies. Voluminous polarimetric measurements of various sea ice types in the Beaufort Sea have been archived in the library of data acquired by the Jet Propulsion Laboratory multifrequency polarimetric synthetic aperture radar (SAR). The C band SAR on the first European Remote Sensing Satellite has provided backscattering data of sea ice at small incident angles (200-26°) [Kwok and Cunningham, 1994] . Expeditions and experiments for sea ice characterizations spanning several decades have Copyright 1995 by the American Geophysical Union.
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collected numerous physical parameters of sea ice. The composite model in this paper provides a link between the observed polarimetric signatures to the measured sea ice
properties.
In part II, the model will be used to explain experimental observations of sea ice. Sea ice has long been a subject of intensive research. Extensive results from studies of sea ice and its major constituent, ice, have been reported in classical publications [Hobbs, 1974; Glen, 1974; Weeks and Ackley, 1982] . The complexity of sea ice is attributed to its inhomogeneous composition, crystallography, structure, growth process, thermodynamic variations, and environmental effects. Interactions among the physical processes in sea ice result in the intricate relationship among physical, structural, and electromagnetic properties of sea ice.
To a limited extent, sea ice properties have been used in calculations of conventional backscattering coefficients [Lee and Kong, 1985; Tjuatja et al., 1992] and fully polarimetric scattering coefficients [Borgeaud et al., 1989; Nghiem et al., 1990] . Note that in radar polarimetry, there are other polarimetric representations [Nghiem et al., 1990] equivalent to the description with the polarimetric scattering coefficients. In the above treatments, one or more of the following have been assumed: independence of interrelated sea ice parameters, effective isotropy in the sea ice medium, spherical scatterers or aligned spheroids, uniform thickness, flat interfaces, no snow or slush or brine layer, and multiyear ice without hummocks.
These assumptions simplify certain properties of sea ice and thus limit the understanding of sea ice scattering signatures.
Affected by inhomogeneities in sea ice, wave propagation, attenuation, and polarimetric scattering are interrelated and linked to physical and structural properties of sea ice. The isotropy assumption contradicts the preferential vertical structure in columnar sea ice, which constitutes a significant et al., 1993b] . The vertical anisotropy in sea ice effectively supports two characteristic waves, ordinary and extraordinary [Kong, 1986] [Cox and Weeks, 1974; Wen et al., 1989; Gow et al., 1990; Eicken, 1992] . In first-year sea ice a C-shaped salinity distribution in ice depth is usually observed [Wen et al., 1989; Gow et al., 1990; Eicken, 1992] . Upward brine expulsion and flooding are important mechanisms, causing the high top salinity [Eicken, 1992] . and Ackley, 1982] , and consequently, sea ice permittivity drops [Arcone et al., 1986] .
Growth and Desalination
Ice grows dendritically at large supercoolings due to the rapid growth in directions parallel to a axes [Glen, 1974] . are data for ice grown from water with 30%c salinity under a cold plate at -70°C [Lofgren and Weeks, 1969] , and triangles are data for ice grown from water with 30%_ salinity in a cold room at air temperature of -22°C during CRRELEX'93.
is used for the continuous fitting curves. et al., 1993b] .
Region 3 Consider medium n, with n = 1 for the cover layer such as snow and n = 2 for the sea ice layer (see Figure  6 ).
Generally, to account for the medium anisotropy, the effective permittivity is described by the tensor 
• dr n C, O.k#,,(F,,. r et al., 1990] . The dyadic Green's function in the radiation field can be written as As depicted in Figure 8 , the incident wave is scattered by the rough interface between air and snow. from the interface between regions ! and 2 and the transmission 7"21s " _T2 from region 2. Thus X l = Ri2s ./ij + 7"21s" A2, which relates X 1 to X 2 as X 1 = (1 -
/_12s
Rlos) -1 " _r21s • A2, where I is the identity matrix. 
By operating
where k _z_ =-k 2u = -k 2zs. Furthermore, wave propagation in region 2, whose interface with region 3 locates at the depth ofd 2 , imposes on the backscattered wave a phase factor and attenuation of
for ordinary and extraordinary waves, respectively.
After wave propagation and multiple interactions with boundaries in the anisotropic layered media are considered, the covariance matrix observed in region 0 has the following nonzero elements in terms of backscattering coefficients derived from (20) and (21) for the rough interface between regions 2 and 3 or 0) scattering fromtheicelayerunderneath is masked outof polarimetric signatures. Surface scattering depends onthe roughness andthepermittivity contrast between theupper andlowermedia at the medium interface. Forthesame roughness, ahigher permittivity contrast gives higher backscattering. Insnow-covered sea ice, thepermittivity contrast attheair-snow interface, especially fordrysnow, is smaller thanthatatthesnow-ice interface. Inthiscase, thecontribution fromthesnow-ice rough surface is moreimportant, andthe totalseaicesignature carries some information pertaining tothissurface. Roughness at a seaice interface evolves under many processes related toenvironmental conditions such asatmospheric boundary layer, winds, sea currents, wave actions, solar radiation, andheat transport. These processes create many types of sea icewithcomplicated surface conditions, compositions, and structures such ascomposite pancake ice, rafted ice,pressure ridges, puddles, andthawholes, which aresubjects offuture model developments. Inthefollowing sections, melthummocks, another complication in polarimetricseaice signatures, aremodeled andpresented in terms oftheireffects onbothvolume andsurface scattering mechanisms in sea ice.
3.4.
Volume 
When the local surface is tilted, the incident horizontal ,_i = -_. All scattering coefficients _ are expressible in terms of sin ot and cos a [Nghiem et al., 1992] . For tk0i = 0,
Locally, all cross correlations in o-_,_ are zero due to the local reflection symmetry.
In the global coordinates, all cross correlations in __v) tr_rx are also expected to be nullified due to the global reflection symmetry [Nghiem et al., 1992] 
Of sin 2 a
As seen in (28) 
which is also a Gaussian distribution whose height variance 0"_ = 0"r 2 + 0"R 2 is the sum of the individual variances.
The joint probability density P(fl, f2) for two points at Pl and P2 on the surface is [Davenport and Root, 1958]
where C is the normalized correlation function between the two points. For the azimuthally symmetric stationary surface, C depends only on the distance p' = IPl -P21. From the total profile f = f_ + fR, C is derived as follows:
To arrive at (32), the independence between f_ and fn and the following correlation functions have been used
where I r is the correlation length of the small-scale roughness and 1_ is that of the hummock topography.
As seen in (32) in which g. and v can be h or v polarization, k is the wave number in the upper medium, JR012 is the Fresnel reflectivity between the upper and the lower media at normal incident angle, and the quantity D is defined by
where the subscript d denotes the difference between the incident and scattered wave vectors; thus k-a = k-i -k-s = bkdo + _kaz in the cylindrical coordinates.
In the backscattering direction, kdp = 2k z sin 0 i and kdz = 2k 2 cos 0 i.
Carrying out the integration over azimuthal angle 4' results in the Bessel function Jo(kdpp') and then substituting the correlation function C(p') from (32) yield
where amj is the binomial coefficient and A,,j is an integral over p' determined by
roughness is blended together, and a joint probability density function (31) of the resultant roughness is used. Here the surface scattering is not generated independently first at two different scales and then added together. Instead, result (39) takes care of the fact that there is roughness at different scales in the total profile. Consequently, and InCh+l) R to denote the parameters between medium n and (n + 1), in the calculations of cr_+t)_,,_ K observed in region 0. Since the composite interfaces contain different scale lengths, large-scale hummocks and small-scale roughnesses have different responses at different wave frequencies.
To obtain the result in (37), (33) has been used for the correlation functions and vmj has been defined in terms of the correlation lengths as
With the above solution, the result for backscattering coefficient _(s) from (34) can be written compactly as
where amj = (amj/m!) and trmj are following equations,
determined by the
respectively. In the above approach, the hummocky surface of sea ice, which has a roughness with a small scale riding on the large scale of the hummocks is described as a composite rough surface by superimposing the profiles of the small-and large-scale components.
The resultant probability density function of the total profile is a convolution of those of the individual roughness components as given by (30). Thus the 4.
Summary and Discussion
This paper presents a composite model for polarimetric signatures of sea ice. The purpose is to relate sea ice physical, structural, and electromagnetic properties and processes to sea ice polarimetric signatures. The paper presents new developments in volume and surface scattering in the modeling of sea ice such as thickness distribution, effects of polarization mixing, and incident angle variations due to hummocks on the scattering from volume inhomogeneities, differential phase delay and attenuation for surface scattering in layered anisotropic media, and the mixing of small roughness with large hummock topography.
Based on sea ice characteristics, effective permittivities are derived with the strong permittivity fluctuation theory, and polarimetric backscattering coefficients are obtained with the analytical wave theory under the distorted Born approximation. Surface scattering from rough layer interfaces is also considered with effects of wave attenuation and phase delay in an anisotropic layered configuration for sea ice. Sea ice is an inhomogeneous medium composed of various dispersive constituents. These constituents are nonmagnetic materials preserving the reciprocity in sea ice signatures. In the form of the ordinary ice polymorph, natural polycrystalline ice is composed of multiple ice platelets. These platelets entrap brine in ellipsoidal pockets with preferential vertical alignment. Random orientations of crystallographic c axes in azimuthal directions render sea ice uniaxially anisotropic.
The anisotropy causes an effective birefringence, differential phase delay, and attenuation in sea ice. Temperature, salinity, and density determine the phase distribution of sea ice constituents, including salt expulsion and brine solidification below the eutectic temperature.
From the phase distribution, fractional volumes of sea ice constituents are obtained to 
